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HIGHLIGHTS 


•  We  reported  our  findings  on  solution-process-deposited  A1203  barriers  in  DSSCs. 

•  We  focused  on  the  effect  that  adsorption  properties  of  dye  can  have  on  the  interfacial  charge  transfer  reactions. 

•  These  results  were  supported  by  the  Raman  spectroscopy,  IMPS  and  IMVS. 
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This  work  introduces  the  Ti02/dye/electrolyte  interface  in  the  recombination  and  offers  an  interface 
treatment  method  using  solution  process  for  dye-sensitized  solar  cells  (DSSCs).  Solution-processed  ultra- 
thin  metal  oxides  introduce  to  treat  the  surface  of  mesoporous  Ti02  to  reduce  the  defect  density  and 
improve  the  electronic  quality.  Among  the  metal  oxides,  an  A1203  barrier  is  incorporated  into  DSSCs  as  a 
carrier-recombination  blocking  layer.  In  all  instances,  the  short-circuit  current  density  increase  and  the 
dark  current  is  suppressed  after  A1203  deposition.  The  impact  of  the  A1203  barriers  is  also  studied  in 
devices  employing  different  dyes.  To  compare  the  behavior  of  metal-free  organic  dyes  and  Ru  dyes  when 
A1203  barrier  layers  are  involved,  the  charge  transfer  between  the  dye  and  Ti02  electrodes,  associated 
with  interfacial  electron  injection,  is  investigated  by  Raman  spectroscopy.  The  metal-free  organic  dye  had 
a  high  molar  extinction  coefficient  and  better  adsorption  properties  compare  to  Ru  dye,  which  resulted  in 
higher  charge-collection  efficiency.  To  verify  the  strategy,  the  DSSCs  photovoltaic  performances  con¬ 
taining  these  dyes  are  compared  using  their  current— voltage  curves.  Electrochemical  impedance  spec¬ 
troscopy  (EIS),  Intensity  Modulated  Photocurrent  Spectroscopy  (IMPS),  and  Intensity  Modulated 
photoVoltage  Spectroscopy  (IMVS)  were  used  to  further  investigate  the  kinetics  process  of  the  Ti02  film 
electrodes. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Since  the  historic  paper  on  dye-sensitized  solar  cells  (DSSCs) 
was  published  in  1991  by  Gratzel  et  al„  DSSCs  have  been  widely 
investigated  because  of  their  special  advantages  such  as  low 
fabrication  costs  and  fairly  high  solar-energy-conversion  effi¬ 
ciencies  relative  to  conventional  p-n  junction  solar  cells  [1,2],  In 
DSSCs,  dye  molecules  are  chemisorbed  on  the  surface  of  a  Ti02 
porous  layer,  and  visible  light  is  absorbed  by  the  sensitizer  dye  to 
generate  excited  electrons.  Electron  injection  from  the  excited  state 
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of  the  dye  into  the  conduction  band  of  Ti02  is  followed  by  subse¬ 
quent  regeneration  of  the  dye  by  an  T/Ij  redox  couple  [3-5], 
Efficient  operation  of  a  DSSC  device  relies  upon  the  minimization  of 
possible  recombination  pathways  occurring  at  the  Ti02-dye- 
electrolyte  interface,  allowing  efficient  charge  transport  through 
the  Ti02  film  and  electrolyte  and  subsequent  charge  collection  at 
the  device  contacts.  There  are  two  possible  recombination  losses 
to  consider:  the  injected  electrons  may  recombine  either  with 
oxidized  dye  molecules  or  with  the  oxidized  redox  couple;  the 
latter  reaction  is  thought  to  be  particularly  critical  to  device  func¬ 
tion  (Scheme  1)  [6], 

In  order  to  reduce  the  recombinations,  many  research  groups 
have  proposed  device  architectures  that  include  the  use  of  insu¬ 
lating  polymers.  The  use  of  very  thin-layered,  high  band-gap, 


H.J.Jo  et  al.  /Journal  of  Power  Sources  249  (2014)  385-391 


semiconductor  metal  oxides  like  ZnO,  MgO,  and  AI2O3  between  the 
TiCh  and  the  dye  interface  has  also  been  attempted  [6—11],  The 
application  of  a  metal-oxide  barrier  layer  should  improve  the 
collection  efficiency  of  electrons  successfully  injected  into  TiCh  by 
reducing  the  number  of  charge  carriers  lost  via  recombination. 
Aluminum  oxide  is  especially  attractive  owing  to  its  wide  bandgap 
[8],  high  iso-electric  point  (IEP,  which  can  enhance  dye  adsorption) 
[8,12],  and  ability  to  raise  the  Ti02  conduction  band  edge  (which 
can  improve  the  open-circuit  voltage,  Voc)  [13],  On  the  other  hand, 
the  high  conduction  band  of  AI2O3  will  inhibit  electron  injection 
from  an  excited  dye  state  into  Ti02.  Therefore,  if  the  AI2O3  barrier 
layer  is  too  thick,  the  device  current  will  drop  as  relaxation  of  the 
dye  excited  state  competes  with  electron  injection  via  tunneling. 

In  this  paper,  we  reported  our  findings  on  solution-process- 
deposited  AI2O3  barriers  in  DSSCs.  In  order  to  reduce  the  defect 
density  and  improve  the  electronic  quality,  solution-processed  ul¬ 
tra-thin  metal  oxides  have  been  introduced  to  treat  the  surface  of 
mesoporous  Ti02  [14],  In  addition,  we  focused  on  the  effect  that 
adsorption  properties  of  sensitizer  can  have  on  the  interfacial 
charge  transfer  reactions  and  ultimately  on  the  device  efficiency. 
We  illustrated,  as  an  example,  adsorption  properties  by  sensitizer 
affect  not  only  to  increase  the  electron  injection  efficiency  but  also 
to  slow  recombination  on  the  Al2C>3-coated  TiCh  electrode 
compared  to  TiC>2  electrode.  By  comparing  the  behavior  of  the  Ru 
dye  and  a  metal-free  organic  dye,  we  demonstrated  the  importance 
of  dye  chemistry  on  current  collection  (Fig.  1). 

2.  Experimental  details 

2.1.  Fabrication  of  DSSC  using  AI2O3 

In  order  to  prepare  a  working  electrode,  fluorine-doped  thin 
oxide  (FTO)  for  a  conductive  transparent  electrode  was  purchased 
from  Pilkington  ( ~  8  Q  sq_1)  and  cleaned  using  the  general  cleaning 
process  for  electronic  applications:  ultrasonic  treatment  in  deter¬ 
gent,  deionized  water,  acetone,  and  2-propanol  in  that  order  for 
15  min  for  each  at  room  temperature.  The  transparent  and  porous 
titanium  oxide  film  was  formed  on  the  cleaned  FTO  substrate  using 
20-nm  particle-size  Ti02  paste  (Solaronix,  T/SP)  with  the  doctor- 
blade  coating  method.  The  coated  Ti02  film  was  sintered  at 
500  °C  in  air  for  60  min.  An  air-stable  solution  of  aluminum  2- 
propoxide  (15  mM  in  isopropanol)  under  aerobic  conditions  was 
used  to  conformally  coat  the  Ti02.  The  film  was  dipped  in  the 
coating  solution  for  15  min  at  25  °C  After  this,  the  film  was  dried  to 
water  vapor  for  1  min  at  100  °C.  For  dye  adsorption,  the  AI2O3- 
coated  TiC>2  electrodes  were  immersed  in  a  dye  solution  (0.3  mM  of 
dye  in  ethanol)  at  room  temperature  for  24  h.  The  dye-adsorbed 
Ti02  electrode  and  Pt  counter  electrode  were  assembled  using 
60-pm-thick  Surlyn  (Dupont,  1702)  as  a  bonding  agent.  A  liquid 
electrolyte  was  introduced  through  a  pre-punctured  hole  on  the 
counter  electrode. 

2.2.  Synthesis  of  PREDCN2  dye 

We  designed  and  synthesized  organic  dyes  containing  a 
phenothiazine  derivative  as  an  electron  donor  and  a  cyanoacrylic 
acid  moiety  as  an  electron  acceptor  and  anchoring  group,  con¬ 
nected  with  electron-rich  ethylene-di-oxythiophene  (EDOT)  as  a  %- 
conjugated  group  in  a  chromophore  with  moderate  yields.  The 
synthetic  procedures  were  followed  using  known  methods  [15— 
17],  The  product  obtained  was  a  dark  red  powder.  Yield:  (0.48  g, 
81.3%),  :H  NMR  (400  MHz,  DMSO-de):  <5  8.01  (s,  2H),  7.50-7.48  (d, 
J  =  8.4  Hz,  2H),  7.38-7.37  (d  J  =  2.0  Hz,  2H),  7.35-7.33  (d  J  =  8.4  Hz, 
2H),  7.20-7.17  (m,  2H),  6.12-6.01  (d  J  =  8.8  Hz,  2H),  2.71-2.65  (m, 
2H),  1.64-1.53  (m,  4H),  1.33-1.30  (m,  4H),  0.88  (m,  3H).  MALDI-TOF 


Vacuum 


Scheme  1.  Illustration  of  interfacial  charge-transfer  processes  in  DSSCs. 


MS:  Calcd.  for  C44H35N3O8S3  m/z:  829.16;  found  m/z:  830.85 
[M  +  H]+;  anal,  calcd.  for  C:  63.67;  N:  5.06;  S:  11.59;  H:  4.25;  found, 
C:  63.86;  N:  5.58;  S:  11.29;  H:  4.68%. 


2.3.  Characterization  of  physical,  electrochemical,  and  electrical 
properties 

The  morphologies  of  AI2O3  coated  TiC>2  electrode  were 
measured  using  transmission  electron  microscopy  (TEM,  Hitachi 
HF-3300). 

Structural  analysis  was  conducted  using  1H  NMR  spectra 
recorded  via  a  Bruker  Advance  NMR  400  Hz  spectrometer  for 
DMSO-d6.  Matrix  Assisted  Laser  Desorption  Ionization-Time  Of 
Flight  mass  spectra  were  obtained  using  a  Voyager  DE-STR  spec¬ 
trometer.  UV— Vis  spectra  were  recorded  using  a  CARY5000  UV/Vis/ 
NIR  spectrophotometer.  The  redox  properties  were  examined  using 
cyclic  voltammetry  (model:  Iviumstate).  The  electrolyte  solution 
was  0.1  M  tetrabutyl  ammonium  hexafluorophosphate  (TBAPF6)  in 
freshly  dried  dimethylformamide  (DMF).  Ag/AgCl  and  platinum 
wire  (0.5  mm  in  diameter)  electrodes  were  used  as  reference  and 
counter  electrodes,  respectively. 

Raman  spectra  were  obtained  using  an  Almega  XR  Raman 
spectrometer  (Thermo  scientific)  with  532  nm  solid-state  laser. 

The  photocurrent-density— voltage  characteristic  of  the  DSSCs 
was  measured  using  a  Keithley  2400  source  meter  and  a  solar 
simulator  equipped  with  a  1  kW  xenon  arc  lamp  (ORIEL,  Newport). 
A  standard  silicon  solar  cell  (PV  Measurement  Inc.)  was  used  for 
calibration  with  the  power  of  the  AM  1.5  simulated  light 
(100  mW  cm”2). 

To  perform  electrochemical  impedance  spectroscopy  (EIS),  the 
DSSCs  were  measured  under  dark  condition  by  a  potentiostat 
(IVIUM,  Iviumstat);  the  frequency  range  was  from  0.1  Hz  to 
100  kHz.  The  data  obtained  from  this  measurement  was  fitted  by 
simulation  software  (Scribner  Associates,  Z-View),  which  proposed 
an  equivalent  circuit  to  model  the  data.  Intensity  Modulated 
Photocurrent  Spectroscopy  (IMPS)  and  Intensity  Modulated 
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Fig.  1.  Molecular  structures  of  (a)  N719  (TBA:  tetra-n-butylammonium  cation)  and  (b)  PREDCN2. 


photoVoltage  Spectroscopy  (IMVS)  were  measured  by  a  potentio- 
stat  (IVIUM,  Iviumstat). 

3.  Results  and  discussion 

3.1.  Characterization  of  optical,  electro-chemical,  and  electrical 
properties 

HRTEM  analysis  shows  the  formation  of  the  AI2O3  layer  over 
Ti02  particles.  The  magnified  HRTEM  images  of  Ti02-Al203  after 
the  solution  process  are  given  in  Fig.  2.  In  order  to  analyze  the 
distribution  of  AI2O3  on  the  porous  TiCh  layer  surface,  EPMA 
measurement  was  carried  out.  These  images  show  ultra-thin  film 
formation  around  TiC>2,  with  an  AI2O3  layer  thickness  of  0.4  nm  [18], 
EPMA  color  mapping  shows  Al  was  distributed  uniformly  on  the 
TiC>2  layer  surface.  This  indicated  that  AI2O3  was  filled-up  pores  on 
the  Ti02  surface.  The  uniform  distribution  of  AI2O3  on  the  TiCh  layer 
increase  an  electron  injection  efficiency  by  tunneling. 

In  order  to  investigate  the  effect  of  the  AI2O3  layer  on  the 
rectification  of  the  interface,  we  measured  the  EIS  spectra  under 
dark  conditions,  and  the  results  are  shown  in  Fig.  3. 

The  EIS  spectra  were  analyzed  through  a  well-known  equiva¬ 
lent  circuit  [19-21],  The  EIS  plots  of  the  bare  and  Al203-coated 
samples  had  two  semicircles.  The  one  in  the  high-frequency  region 
was  assigned  to  the  charge-transfer  process  at  the  counter  elec¬ 
trode.  The  charge-transfer  resistance  at  the  counter  electrode  was 
almost  the  same  for  both  bare  and  AhCU-coated  samples  with 
different  dyes.  The  second  arc  denoted  the  resistance  at  the  TiC^- 
dye-electrolyte  interface,  the  resistance  for  the  transport  of 
electrons  to  the  conduction  glass  electrode  for  the  bare  sample, 
and  also  the  change  in  the  interface  resistance  for  the  sample  with 


AI2O3  between  TiC>2  and  the  dye.  The  increased  resistance  for  the 
samples  after  AI2O3  coating  indicated  acceleration  of  the  electron 
transport  process  in  the  photo  anode  by  preventing  charge 
recombination  at  the  Ti02— dye— electrolyte  interface.  In  particular, 
PREDCN2  devices  with  the  AI2O3  layer  do  not  suffer  from  a  high 
recombination  rate  compared  with  bare  TiC>2  devices.  One  possi¬ 
bility  for  the  low  recombination  rate  could  be  the  manner  in  which 
the  PREDCN2  dye  was  attached  to  the  Al203-coated  Ti02  surface,  in 
which  the  mode  of  anchoring  of  dye  onto  the  photoelectrode 
affected  the  electron  injection  efficiency  and  hindered  access  of 
the  electrolyte. 

In  order  to  study  the  interaction  between  dye  molecules  and  the 
Ti02  surface,  which  was  associated  with  interfacial  electron  injec¬ 
tion,  we  analyzed  the  Raman  spectra  of  the  one-layered  TiC>2 
electrode,  shown  in  Fig.  4. 

It  is  worth  noting  that  strong  Raman  peaks  corresponding  to  the 
Ti02  electrodes  were  observed.  The  anatase  TiCh  nanocrystals  have 
six  Raman  active  modes  (Aig  +  2Big  +  3Eg),  which  are  located  at  145 
[Eg(l)],  197  [Eg(2)[,  399  [Blg(l)],  513  [Alg],  519  [Blg(2)j,  and 
639  cm"1  [Eg(3)[  [27],  Except  for  PREDCN2_A1203  coated  on  Ti02, 
the  Raman  spectra  were  quite  similar.  Before  adsorbing  dyes,  the 
Raman  spectra  of  TiC>2  electrodes  and  A1203  coated  TiC>2  electrode 
were  almost  identical  in  Fig.  4(a).  After  dye  adsorbing  on  the  TiCh 
electrodes  and  AI2O3  coated  TiC>2  electrode,  a  low  intensity  of  the 
vibration  mode  was  generally  observed.  This  proved  that  the 
chemical  adsorption  of  dye  on  the  surface  of  Ti02  electrode  and 
A1203  coated  Ti02  electrode  [28].  Under  resonant  irradiation,  the 
dye  was  very  efficiently  excited,  and  a  large  number  of  electrons 
were  injected  and  then  promoted  to  the  TiC>2  conduction  band. 
Hence,  the  surface  charge  increased  strongly,  and  the  TiC>2  elec¬ 
trode  lost  charge.  In  the  case  of  the  TiC>2  electrode  with  a 
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Fig.  3.  Nyquist  plots  of  DSSCs  with  and  without  an  AI2O3  layer  and  different  dyes. 


PREDCN2_Al2C>3  coating,  the  Eg(3)  mode  of  the  TiC^  phase  signifi¬ 
cantly  down-shifted  from  637  to  605  cm-1.  This  shift  can  be  seen  as 
the  interaction  between  the  dye  and  AI2O3  coated  on  the  TiCh 
electrode  through  the  carboxylic  groups.  To  understand  the  cause 
of  the  shift,  we  compared  the  bare  TiC>2  electrode  with  the  AI2O3- 
coated  TiC>2  electrode  immersed  in  the  PREDCN2  dye  solution. 


(a) 


dyes  (b)  Raman  spectra  of  the  structure  layer. 


using  0.1  M  NaOH. 

When  PREDCN2  dye  was  adsorbed  on  the  TiCh  electrode,  the  in¬ 
tensities  of  the  TiC>2  Raman  peaks  decreased,  but  no  obvious  Raman 
peak  shifting  was  observed,  as  shown  in  Fig.  4(b).  This  result 
confirmed  that  the  large  Raman  peak  shifting  of  the  AhCb-coated 
TiCh  electrode  with  PREDCN2  dye  was  mainly  enhanced  by  the 
existing  compact  layer  that  decreased  trapped. 

To  determine  the  amount  of  dyes  adsorbed  on  bare  Ti02  and 
AhC^-coated  TiCh  electrode  at  different  dye,  the  dyes  were  des¬ 
orbed  from  the  TiC>2  photo-electrodes  using  0.1  M  NaOH,  and  the 
absorbance  of  the  solution  was  measured  with  a  UV— vis  spectro¬ 
scope.  The  results  showed  an  improvement  in  dye  adsorption  with 
the  AI2O3  layer,  as  shown  in  Fig.  5. 

This  was  due  to  the  carboxylic  acid  groups  in  the  dye  reacting 
more  favorably  with  a  surface  with  a  more  basic  nature  or  a  higher 
IEP,  such  as  AI2O3  ( ~  9.5),  than  with  anatase  TiC>2  ( ~  5.5).  This  led  to 
better  light  absorption  [8,22],  resulting  in  higher  short-circuit 
photocurrent  density  (Jsc).  In  particular,  the  concentration  of 
PREDCN2  (1.2  x  10-5  mmol  cm-2)  was  much  higher  than  that  of 
N719  (0.9  x  10-5  mmol  cm-2),  which  was  in  agreement  with  the 
adsorption  properties  of  PREDCN2  shown  in  the  Raman  spectra 
measurements. 

In  order  to  explain  the  dye  chemistry  on  current  collection,  we 
measured  UV-vis  absorption  spectra  of  the  dyes  in  DMF  solution 
(Fig.  6). 


Wavelength(nm) 


Fig.  6.  Absorption  spectra  of  N719  (black  dashed  line)  and  PREDCN2  (pink  solid  line)  in 
DMF  solution.  (For  interpretation  of  the  references  to  colour  in  this  figure  legend,  the 
reader  is  referred  to  the  web  version  of  this  article.) 
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The  visible  absorption  spectrum  of  PREDCN2  exhibited  maxima 
at  459  nm  (e  =  34265  M-1  cm-1)  and  which  were  attributed  to  the 
7t — 7t*  transitions  of  the  conjugated  molecules.  Under  similar 
conditions,  N719  exhibited  absorption  bands  at  524  nm 
(e  =  12100  M  1  cm-1).  Organic  dye  had  higher  molar  extinction 
coefficients  than  that  of  N719  [23a],  and  the  highest  occupied 
molecular  orbital  (HOMO)  is  usually  used  to  estimate  the  efficiency 
of  dye  regeneration  in  DSSCs.  To  ensure  regeneration  of  dye  mol¬ 
ecules,  their  HOMO  level  should  be  more  positive  than  the  redox 
potential  of  I- /I3  in  the  electrolyte.  The  HOMO  energy  levels  of  the 
dye  molecules  were  estimated  by  cyclic  voltammetry;  the  results 
showed  that  PREDCN2  had  more  positive  HOMO  levels  than  the 
redox  potential  (+0.4  V)  of  I-/I3-  in  the  electrolyte:  +0.625  V 
and  +0.827  V  for  PREDCN2  and  N719,  respectively.  This  indicates 
that  organic  dye  can  improve  the  light-harvesting  efficiency  or 
photogenerated  electron— hole  pairs. 

3.2.  Photovoltaic  performance  of  DSSCs 

The  photovoltaic  properties  of  DSSCs  based  on  bare  Ti02  and 
AhOs-coated  Ti02  were  measured  and  compared  to  different  dyes, 
as  shown  in  Fig.  7  and  Table  1. 

The  Al203-coated  Ti02  electrode  performed  better  than  the  bare 
Ti02  electrode  with  respective  to  all  the  cell  parameters.  Under  the 
standard  global  AM  1.5  solar  irradiation,  Jsc  increased  from  10.3  to 
12.9  mA  cm-2,  Voc  increased  from  640  to  710  mV,  and  the  fill  factor 


under  illumination  of  simulated  solar  light  (AM  1.5, 100  mW  cm-2)  (b)  IPCE  curves  for 
DSSCs  containing  different  dyes. 


Table  1 

Photovoltaic  performance  of  DSSCs.'1 


Sample 

ysc  (mA  cm  2) 

Voc(V) 

FF(%) 

?(%) 

N719b_Ti02 

10.377 

0.708 

70.43 

5.17 

N719b_Al203_Ti02 

11.093 

0.711 

70.44 

5.55 

PREDCN2b_Ti02 

12.049 

0.647 

69.9 

5.45 

PREDCN2b Al2C>3 Ti02 

12.956 

0.668 

71.03 

6.15 

a  Photovoltaic  performance  under  AM  1.5  irradiation  of  DSSCs  containing  N719 
and  PREDCN2  dyes,  based  on  3-propyl-l-methyl-imidazolium  iodide  (PMII,  1  M), 
lithium  iodide  (Lil,  0.2  M),  iodide  (I2, 0.05  M),  and  tert-butylpyridine  (TBP,  0.5  M)  in 
acetonitrile/valeronitrile  (85:15). 
b  Dye  bath:  ethanol  solution  (3  x  10  4  M). 


(FF)  increased  from  0.69  to  0.71,  corresponding  to  an  overall  con¬ 
version  efficiency  (77)  increase  from  5.1  to  6.1%.  The  increases  in  Voc 
and  fill  factor  were  consistent  with  previous  reports  on  DSSCs  using 
liquid  electrolytes  owing  to  the  blocking  of  interfacial  recombina¬ 
tion  [14], 

The  increase  in  Jsc  is  more  interesting  considering  the  possible 
disadvantages  of  an  insulator  interlayer  for  electron  injection.  The 
results  shown  here  demonstrated  that  the  surface-solution  process 
was  a  suitable  way  to  fabricate  an  insulator  interlayer  for  DSSCs. 
The  AI2O3  layer  prepared  was  very  thin  that  electrons  could  be 
injected  efficiently  from  the  photo-excited  dye  molecules  to  the 
Ti02  electrode  by  tunneling.  In  addition,  the  higher  photocurrent 
density  of  PREDCN2  than  N719  could  be  explained  by  the  high 
molar  extinction  coefficient  and  adsorption  property  of  PREDCN2. 
This  is  due  to  EDOT  unit  in  PREDCN2  has  not  only  a  small  torsion 
angle  with  respect  to  the  adjoining  phenyl  fragment,  ensuring 
efficient  electronic  communication  between  donor  and  acceptor 
but  also  planarity  of  the  7t-conjugation  structure  and  the  adsorp¬ 
tion  of  the  sensitizers  on  the  electrode,  which  could  contribute  to 
the  electron  injection  from  the  excited  state  [23b]  (Fig.  7). 

The  incident  photon-to-current  efficiency  (IPCEs)  properties  of 
DSSCs  based  on  bare  Ti02  and  Al203-coated  Ti02  were  measured 
and  compared  to  different  dyes.  A  higher  photon-to-current  effi¬ 
ciency  was  achieved  in  the  DSSC  based  on  the  PREDCN2  compared 
to  N719  dye.  And  also,  IPCEs  of  bare  Ti02  was  lower  than  that  of 
Al203-coated  Ti02  electrode.  This  was  primarily  due  to  the  higher 
Jsc,  as  shown  in  Table  1.  The  IPCE  for  the  PREDCN2  based  on  AI2O3- 
coated  Ti02  cell  reached  about  65%  in  the  400-600  nm  wavelength 
range.  The  enhanced  cell  efficiency  of  DSSCs  containing  PREDCN2 
may  be  due  to  high  molar  extinction  coefficients  and  adsorption 
property,  which  is  tt— 7t  interactions  could  be  attributed  to  higher 
electron  injection  and  light  harvesting  efficiency. 

To  clarify  the  differences  between  the  behavior  in  DSSCs  based 
on  N719  and  PREDCN2,  we  used  IMPS  and  IMVS  to  investigate  the 
electron  transport  kinetics  related  to  the  electron  diffusion  coeffi¬ 
cient  (De)  and  lifetime  (te).  as  shown  in  Fig.  8.  The  detailed  pa¬ 
rameters  are  listed  in  Table  2. 

The  values  of  De  and  ie  were  determined  by  the  photocurrent 
and  photovoltage  transients  induced  by  a  stepwise  change  in  the 
laser  light  intensity,  controlled  with  a  function  generator  [24],  The 
De  value  was  obtained  by  a  time  constant  (tc)  determined  by  fitting 
the  decay  of  the  photocurrent  transient  with  exp  (— t/tc)  and  the 
Ti02  film  thickness  (w)  with  De  =  w2/(2.77tc)  [23a],  The  x  value  was 
also  determined  by  fitting  the  decay  of  photovoltage  transient  with 
exp  (-t/t). 

Fig.  8(a)  shows  that  the  values  of  De  is  greatly  different  in  the 
DSSCs  with  dyes  at  the  same  short-circuit  current  densities.  Nakade 
et  al.  previously  observed  that  the  adsorption  of  N719  onto  a  Ti02 
electrode  increased  the  De  value  compared  to  a  bare  Ti02  electrode, 
and  they  attributed  this  increase  to  a  decrease  in  the  number  of 
trapping  sites  on  the  TiC>2  surface  owing  to  dye  adsorption  [25],  In 
the  case  of  the  PREDCN2  on  the  Al203-coated  Ti02  electrode, 
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changing  the  value  of  ze,  rather  than  changing  the  value  of  De.  The  re 
values  of  both  N719  and  PREDCN2,  however,  were  enhanced  by  the 
insertion  of  the  AI2O3  layer  compared  to  the  cell  without  the  AI2O3 
layer. 

As  a  result,  the  charge-collection  efficiency  (jjc c)  for  PREDCN2 
dye  on  the  Al203-coated  TiC>2  electrode,  as  described  by  the  rela¬ 
tionship  r;cc  =  1  —  (tc/te).  is  much  greater.  Table  2  shows  that  r;cc  for 
PREDCN2  is  5%  larger  than  that  for  the  N719.  Therefore,  PREDCN2 
can  not  only  enhance  the  light-harvesting  efficiency,  it  also  in¬ 
creases  the  charge-collection  efficiency  and  can  influence  the 
photocurrent  density  (Jsc ). 

4.  Conclusions 

In  the  study  reported  here,  we  investigated  the  improvement  in 
performance  of  dye-sensitized  solar  cells  (DSSCs)  by  coating  ultra- 
thin  metal  oxides  (AI2O3)  on  mesoporous  TiC>2  electrodes  using  the 
solution  process.  The  AI2O3  layers  were  highly  effective  at  reducing 
recombination  at  the  Ti02— dye— electrolyte  interface,  increasing  Jsc 
caused  by  decreased  trapping.  This  indicated  an  overall  increase  in 
device  efficiency  attributed  to  more  efficient  electron  injection. 
Furthermore,  the  importance  of  dye  choice  was  also  demonstrated, 
in  which  the  current  density  was  much  more  enhanced  by  a  metal- 
free  organic  dye  than  the  Ru  dye.  The  tz—%*  transitions  of  the 
conjugated  molecule  in  the  metal-free  organic  dye  provided  a 
higher  molar  extinction  coefficient  and  more  efficient  electron  in¬ 
jection  from  the  dye  to  TiC>2  conduction  band,  resulting  in  an  in¬ 
crease  in  the  diffusion  coefficient  of  the  solar  cell  and  an  increase  in 
Jsc-  Even  though  lower  voltages  in  DSSCs  based  on  organic  dyes 
compared  to  those  based  on  Ru  dye  resulted  from  shorter  ze  values, 
a  high  diffusion  coefficient  of  the  organic  dye  provided  fast  electron 
injection,  resulting  in  an  increase  in  charge-collection  efficiency. 


Fig.  8.  (a)  Diffusion  coefficients  (De)  and  (b)  electron  lifetimes  (ie)  obtained  for  DSSCs 

based  on  N719  and  PREDCN2  dyes  as  a  function  of  short-circuit  photocurrent  density  Acknowledgments 


the  electron  diffusion  coefficient  reached  the  highest  value 
(24.4  x  10-3).  This  not  only  decreased  trapping  by  the  AI2O3  layer,  it 
also  increased  the  tunneling  effect.  Moreover,  the  high  molar 
extinction  coefficient  and  efficient  electron  extraction  paths  owing 
to  the  adsorption  property  of  PREDCN2  were  beneficial  to  faster 
electron  transport,  indicating  that  PREDCN2  on  the  Al203-coated 
TiC>2  electrode  could  improve  charge  injection  and  collection  effi¬ 
ciency  and  thus  increase  photovoltaic-conversion  efficiency. 
Fig.  8(b)  shows  that  the  values  of  electron  lifetime  (re)  of  N719  were 
drastically  enhanced,  compared  with  those  of  PREDCN2,  with  the 
help  of  the  hydrophobic  aliphatic  chains  [26]  and  larger  molecular 
size  retarding  the  electron  recombination,  which  originated  from 
direct  contact  between  the  electrons  on  the  Ti02  surface  and  I3- 
ions  in  the  electrolyte.  The  values  of  the  electron  lifetime  were  also 
consistent  with  those  of  Voc  shown  in  Table  1. 

From  these  results,  it  can  be  seen  that  the  electron  diffusion 
length,  Ln  (=(De Te)0'5),  would  be  affected  more  markedly  by 


Table  2 

Detailed  IMPS/IMVS  parameters  of  DSSCs  with  N719  and  PREDCN2  dyes. 


Sample 


De  (cm2  s-1)3  I„(pm)b  Vcc&f 


N719_Ti02  9.58  x  1CT3  6.92 

N719J\l203_Ti02  10.97  x  10-3  7.17 

PREDCN2_Ti02  18.1  x  10-3  6.2 

PREDCN2_Al203_Ti02  24.4  x  lO^3  7.8 


66.3 

70.2 

61.2 
75.2 


a  De,  diffusion  coefficient. 
b  Ln,  diffusion  length. 
c  rice,  charge-collection  efficiency. 
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